1. Introduction {#sec0005}
===============

Carfentanil is a powerful synthetic opioid that is approximately 100 times more potent than fentanyl and 10,000 times more potent than morphine \[[@bib0005],[@bib0010]\]. Carfentanil, like most natural and synthetic opioids, elicits its main analgesic effect through binding to μ-opioid receptors in the central nervous system \[[@bib0010]\]. Intoxication from carfentanil, both from intravenous and inhaled administration, results in severe respiratory depression and the development of cardiac abnormalities \[[@bib0015], [@bib0020], [@bib0025]\], although case reports from fatal overdoses have typically shown no gross tissue damage \[[@bib0030]\]. The pharmacokinetics of carfentanil and current countermeasures make renarcotization (the return of respiratory depression and general opioid effects following treatment) a potential threat and a concern when treating potential acute exposure casualties or overdose patients \[[@bib0035],[@bib0040]\]. Carfentanil was originally intended to be used as a sedative for big game animals in a veterinary setting (under the brand Wildnil®), but is becoming increasingly common in the illicit drug trade \[[@bib0045]\]. According to the National Center for Health Statistics' provisional counts for 2016 and 2017, drug overdose deaths involving synthetic opioids (excluding methadone) in the United States increased approximately 202 % from 2016 to 2017 (9,945 to 20,145) (10). Carfentanil's increasingly widespread use and abuse has put a strain on first responders, who need to administer larger and larger doses of countermeasures to counteract the effects and simultaneously concern themselves with potential self-exposure through inhalation of or dermal contact with carfentanil \[[@bib0055]\].

Synthetic opioids also have the potential to be exploited for use as weapons of incapacitation. On October 26, 2002, Russian military special forces introduced a "poison" gas to incapacitate Chechen rebels who had taken more than 800 people hostage in the Moscow Dubrovka Theater Center \[[@bib0060]\]. The composition of the "poison" gas was not immediately released to first responders, a factor that delayed or prevented accurate treatment and likely played a large role in the death of more than 120 of the hostages. However, the Russian health minister announced 4 days after the event that "a fentanyl derivative was used to neutralize the terrorists" \[[@bib0060]\]. Further analysis of the clothing and urine of British nationals who were in the theater at the time of the siege revealed that a mixture of carfentanil and remifentanil was most likely used \[[@bib0065]\].

Naloxone is a competitive antagonist for opioid receptors and is FDA-approved for the rapid reversal of opioid overdose \[[@bib0070],[@bib0075]\]. Naloxone is non-selective but binds the μ opioid receptor with a binding affinity of 7 nM \[[@bib0080]\] and is able to reverse respiratory depression by displacing opioids at the binding site \[[@bib0085],[@bib0090]\]. Naloxone is also an antagonist, with lower affinity for the κ- and *δ*-opioid receptors, but does not possess the 'agonistic' or morphine-like characteristics of other opioid antagonists \[[@bib0095]\]. While naloxone is well-tolerated and is lifesaving in cases of opioid overdose, it has a relatively short half-life compared to some synthetic opioids which increases the risk of renarcotization \[[@bib0100], [@bib0105], [@bib0110]\]. Globally, the increase in opioid overdoses due to synthetic opioids \[[@bib0115]\] has given rise to the fear of "naloxone resistant" opioids and potential depletion of current stocks of countermeasures \[[@bib0120], [@bib0125], [@bib0130]\]. While the body of literature from the veterinary use of carfentanil and naloxone \[[@bib0135], [@bib0140], [@bib0145]\] effectively refutes claims of actual naloxone resistance, dedicated studies of opioid countermeasure efficacy against acute lethal doses of synthetic opioids are few.

As evidenced by the Moscow theater incident \[[@bib0060]\] and the increasing concern among law enforcement and first responders \[[@bib0055]\], acute inhalation exposures to carfentanil are a potential danger; we therefore assessed the efficacy of naloxone against a potentially lethal inhaled dose in ferrets. The ferret has many advantages as a research model compared to other animal models: their relative small size and similarities to human anatomy, physiology, and metabolism \[[@bib0150], [@bib0155], [@bib0160]\]. Ferrets have been utilized in medical research as models of respiratory function and used to investigate respiratory pathogens like influenza and severe acute respiratory syndrome-associated corona virus, mainly because of similarities between ferret and human upper and lower respiratory tracts, pathogenesis, and symptoms \[[@bib0165], [@bib0170], [@bib0175]\]. We observed that ferrets were more sensitive to the effects of carfentanil than previously studied rodent models \[[@bib0015],[@bib0180]\] and that exposure to carfentanil produced severe apnea and prolonged incapacitation in ferrets, which suggests that ferrets have a closer approximation of opioid intoxication in humans when compared to mice. Treating with naloxone following exposure significantly reduced the total time the animals were incapacitated and reduced the apneic periods.

2. Materials and methods {#sec0010}
========================

2.1. Animals {#sec0015}
------------

Adult male ferrets (1.0--1.5 kg) were obtained from Marshall BioResources (North Rose, NY, USA) through Data Sciences International (St. Paul, MN), where animals were surgically implanted with telemetry probes (HD-S11 PhysioTel Hybrid Digital, Data Sciences International, Inc.) in the ventral abdomen and shipped to the USAMRICD after one week of recovery. Ferrets were group housed until exposure and individually housed afterward. For the pharmacokinetic studies 30 animals were used for the naloxone study and 30 animals were used for the carfentanil study. The numbers of animals utilized were 8 naïve-exposed, 8 sham control, 8 sham-exposed, 8 naloxone 5 mg control, 8 naloxone 5 mg exposed, 8 naloxone 10 mg control, and 8 naloxone 10 mg exposed, for a total of 56 animals. In total 116 animals were used. One animal from the 10 mg naloxone-exposed cohort died from the effects of carfentanil prior to treatment. The study protocol was approved by the Institutional Animal Care and Use Committee, USAMRICD, Aberdeen Proving Ground, Maryland, and this research complied with the Animal Welfare Act and implementing Animal Welfare Regulations, as well as the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and adhered to the principles noted in The Guide for the Care and Use of Laboratory Animals (NRC, 2011).

2.2. Chemicals {#sec0020}
--------------

Carfentanil, methyl 4-\[(1-oxopropyl) phenylaminol-1-(2-phenylethyl)-4-piperdine carboxylate, \>95 % pure (C~24~H~30~N~2~O~3~; MW 394.51), was obtained in crystalline form as a citrate salt from the chemical synthesis laboratory at the Combat Capabilities Development Command Chemical Biological Center, APG, MD. From this, stock solutions of 4.5 mg/mL were made in sterile water and stored at −80 °C until needed. Xylazine and ketamine were purchased from Webster Veterinary Supplies (Devens, MA). Naloxone (NX), 4,5-epoxy-3,14-dihydroxy-17-(2-propenyl) morphine-6-one HCl, was obtained from Sigma Chemical Co. (St. Louis, MO). Isotopically labeled carfentanil (carfentanil-D5), isotopically labeled naloxone (naloxone-D5), and standardized naloxone were obtained from Cerilliant (Round Rock, TX)

2.3. Pharmacokinetic profiling of carfentanil and naloxone {#sec0025}
----------------------------------------------------------

Male ferrets were administered either 25 μg/kg of carfentanil citrate via subcutaneous (s.c.) injection or 0.75 mg of naloxone via intramuscular (i.m.) injection. Serial blood draws were obtained at 0, 1, 2, 4, 8, 16, 30, 32, 60, 120, 180, 240, 360, or 1440 min via the cephalic or saphenous vein. Each animal contributed no more than two time points for each carfentanil or naloxone administration. A two week "wash out period" was utilized in order to obtain additional time points from the same animal. This resulted in an n of 4--8 for each time point. Blood was collected in a heparinized collection tube and spun, and plasma was removed and stored at −80 °C for analysis. No more than two blood draws were taken from an animal in a single day. If an animal needed to be reused for additional collections, there was at least a two week "wash out" period before re-administration.

Two LC--MS/MS assays were developed for the analysis of carfentanil-exposed and naloxone-administered ferret plasma samples. These developed assays were validated using blank, heparinized ferret plasma (BioIVT, Chestertown, MD, USA) to prepare calibration curves and quality control samples. For carfentanil, plasma was spiked at 400 ng/mL with standardized carfentanil (100 μg/mL carfentanil) and serially diluted with plasma to produce the following concentrations, which served as calibrators: 100, 25, 6.25, 1.56, 0.391, 0.098 ng/mL. Isotopically labeled carfentanil (100 μg/mL Carfentanil-D5) was spiked into each sample to produce a final concentration of 10 ng/mL in each calibrator and control. For naloxone, plasma was spiked at 400 ng/mL with standardized naloxone (1.0 mg/mL Naloxone) and serially diluted with plasma to produce the following concentrations, which served as calibrators: 100, 25, 6.25, 1.56, 0.391 ng/mL. Isotopically labeled naloxone (100 μg/mL naloxone --D5 was spiked into each sample to produce a final concentration of 5 ng/mL in each calibrator and control. These assays were validated according to the FDA guidelines regarding bioanalytical method development. Calibration curves were generated in duplicate and analyzed in triplicate, and a total of 6 sets of calibration curves were prepared over non-consecutive days (five inter-day and 1 intra-day). Quality control (QC) samples were prepared at 100, 10 and 1.0 ng/mL. QC samples were used to determine intra- and inter-day variability. Quantification of the QC samples was accomplished by running a calibration curve on each day. A linear least squares analysis with a 1/y weighting scheme was used to calculate the calibration parameters. The precision (%CV) was calculated using the formula %CV = (SD/mean) x 100 %, and the accuracy (%error) was calculated using the formula % error = ((calculated concentration -- actual concentration)/actual concentration) x 100 %. Precision and accuracy were below 15 % for all validation samples and QCs.

Prior to processing, animal samples were stored at −80 °C. Samples were thawed and 200 μL was transferred to clean microcentrifuge tubes. Isotopically labeled carfentanil (100 μg/mL carfentanil-D5,) or naloxone (100 μg/mL naloxone --D5, Cerilliant) was spiked into each sample to produce a final concentration of 10 or 5 ng/mL in each sample, respectively. A calibration curve was prepared each day that samples were processed. All calibrators, QCs and samples were extracted by solid-phase extraction (SPE) using Oasis 1cc HLB cartridges with 30 mg sorbent (Waters Corporation, Milford, MA). The SPE procedure was as follows: 1) wash with 2 mL methanol, 2) wash with 2 mL water with 20 mM ammonium formate, 3) load 100 μL sample, 4) wash with 2 mL water with 20 mM ammonium formate, and 5) elute with 2 mL methanol containing 0.2 % formic acid. The eluent for all calibrators, QCs and samples was evaporated under a dry nitrogen stream at 40 °C. Samples were reconstituted in 90 μL of 10 % methanol in 0.1 % formic acid in water. Extraction was performed in duplicate, and the replicates were analyzed via LC--MS/MS in triplicate.

Liquid chromatography was performed using an Agilent 1290 Infinity liquid chromatograph (Agilent Technologies, Santa Clara, CA). Separation was performed on a Halo C18 column (2.7 μm, 2.1 mm x 50 mm) (Advanced Materials Technology, Wilmington, DE) with a chromatographic ramp with mobile phase B = 0.2 % formic acid in methanol and mobile phase A = 0.2 % formic acid, consisting of the following schedule: 0 min -- 3 min (10 % mobile phase A -95 % mobile phase A), 3 min--4 min (95 % mobile phase A), 4.0 min--4.1 min (95 % mobile phase A - 10 % mobile phase A), and 4.1 −7 min (10 % mobile phase A). The flow rate was 500 μL/min and an injection volume of 5 μL was used. A retention time of 1.1 min was observed.

Tandem mass spectrometry was accomplished using a Sciex 6500 QTrap triple quadrupole mass spectrometer (Sciex, Ottawa, CA). It was operated in electrospray mode using multiple reaction monitoring (MRM). The ion source temperature was 700 °C. Capillary voltage was +5500 V, curtain gas was 30 and the collision assisted dissociation gas was medium. Ion source gas 1 and 2 were 50 and 70. Declustering potential was 50 V and entrance potential was 10 V. For carfentanil, the quantifier ion transition was 395.2 Da to 246.1 Da with collision energy of 27 eV and collision exit potential of 11 V, while the qualifier ion transition was 395.2 Da to 335.1 Da with collision energy of 15 eV and collision exit potential of 8 V. For carfentanil-D5, the quantifier ion transition was 400.2 Da to 284.0 Da with collision energy of 26 eV and collision exit potential of 12 V, while the qualifier ion transition was 400.2 Da to 340.2 Da with collision energy of 15 eV and collision exit potential of 9 V. For naloxone, the quantifier ion transition was 328.2 Da to 212.1 Da with collision energy of 61 eV and collision exit potential of 11 V, while the qualifier ion transition was 328.2 Da to 253.0 Da with collision energy of 35 eV and collision exit potential of 8 V. For naloxone-D5, the quantifier ion transition was 333.2 Da to 212.1 Da with collision energy of 62 eV and collision exit potential of 12 V, while the qualifier ion transition was 333.2 Da to 258.0 Da with collision energy of 36 eV and collision exit potential of 9 V. Peak areas were integrated using Analyst software (Sciex, Ottawa, Ontario).

The plasma concentrations of carfentanil and naloxone were then plotted versus time and fitted by a one-compartment absorption and elimination model (GraphPad Prism v.7.05), from which the (C~p~)~max~ absorption (K~A~) and elimination (K~E~) constants were determined. The t~1/2~ and t~max~ were then calculated using K~A~, K~E~, and the equations t~1/2~ = 0.693/K~E~ and $t_{max} = \frac{ln\left( {K_{A}/K_{E}} \right)}{K_{A} - \, K_{E}}$.

2.4. Inhalation exposures {#sec0030}
-------------------------

Exposures to carfentanil and controls were conducted within a custom inhalation system as shown in [Fig. 1](#fig0005){ref-type="fig"} . Carfentanil- and control-exposed animals were contained within whole-body plethysmograph (WBP) chambers (Data Sciences International, St. Paul, MN). Aerosols were generated by placing the entire contents of the exposure aliquot into a Blaustein atomizing module (BLAM) (CH Technologies, Westwood, NJ) and operating the unit according to the manufacturer's instructions. A carfentanil concentration-time product (Ct) of 0.72 mg/m^3^ for 20 min (equating to 14.4 mg × min/m^3^ or an estimated exposure of 70 μg in humans based on allometric scaling to the ferret) was used throughout the study and chosen for its profound and deep sedative effects. Mass median aerodynamic diameter (MMAD) and particle concentration were determined to be 3−4 μm and 130 mg/m^3^, respectively, using an Aerodynamic Particle System (TSI Model 3321, Shoreview, MN). Nebulizers were pressurized using a medical air compressor (Jun-Air, Benton Harbor, MI) to 15−20 psi to generate carfentanil aerosol, which was then fed into a custom-designed air manifold to which two WBP chambers were connected. Exposure chambers were modified WBP units (FinePointe Series Whole Body Plethysmography Rabbit Chamber; Data Sciences International; St. Paul, MN, USA) capable of collecting respiratory parameters before, during, and after exposure. Bias flow generators (Bias Flow Fresh Air Pump; Data Sciences International; St. Paul, MN, USA) connected to the WBPs generated a slight vacuum to pull aerosolized carfentanil from the manifold into the chamber, ensuring agent flow to each exposure unit at physiologically compatible and sufficient rates. Exit flows from the manifolds and bias flow units passed through a custom-built activated charcoal decontamination unit.Fig. 1Schematic of Ferret Exposure System.Fig. 1

Immediately before exposure, all animals were allowed to acclimate to the exposure chamber for 10 min, and baseline plethysmography recordings were then collected for 30 min. A 20 min aerosolized carfentanil exposure followed baseline respiratory data collection. Concurrently, control animals were exposed to aerosolized, sterile H~2~O for the same duration using a separate but identical exposure setup. All exposures were conducted within a custom-designed certified glovebox (Baker Co., Sanford, Maine).

2.5. Clinical observations {#sec0035}
--------------------------

Clinical observations were collected for all carfentanil-exposed (14.4 mg × min/m^3^) and control-exposed animals during exposure. Events recorded during the 20 min exposure period included the onset of loss of responsiveness (defined as the inability to respond to external stimuli) and incapacitation (defined as animals having their heads down, lacking responsiveness as described previously, and demonstrating no controlled movements). Additional clinical observations included general signs (dyspnea or enophthalmos) and movement (ataxia, restlessness, tonus, or tremors).

2.6. Respiratory dynamics {#sec0040}
-------------------------

Respiratory dynamics measured included minute volume (MV, mL/min), respiratory frequency (*f*, breaths/minute), and duty cycle (DC, unitless), which was calculated as inspiratory time divided by the sum of inspiratory and expiratory time. Data collection occurred at 15-second intervals, and the acquisition software (FinePointe, DSI) utilized a rejection index to exclude statistical inaccuracies and external noise. Due in part to both the difficulty of observing breaths (depending on the positioning of the animals) and the scoring of the acquisition software, bradypnea was quantified as a reduction in *f* of greater than 50 % from baseline, and apnea was quantified as a reduction in *f* of greater than 85 % from baseline. Ferrets remained in the WBP for continuous recording of respiratory dynamics for up to 4 h.

2.7. Telemetry {#sec0045}
--------------

The implanted transmitter broadcasted digitized data in the radio frequency range to receivers located beneath the WBPs. The biopotential signals collected from the telemetry units for all experimental animals were verified post-implantation by both DSI and USAMRICD staff. Parameters such as heart rate (HR), core body temperature (T~c~) and mean arterial blood pressure (MAP) were collected continuously during baseline (30 min) and exposure (20 min), and through to the 24 h endpoint.

2.8. Treatment protocol {#sec0050}
-----------------------

Animals in this section were divided into several groups based on their exposure to (1) aerosolized carfentanil, (2) aerosolized carfentanil followed by injection with water (sham group), (3) aerosolized carfentanil followed by treatment with 0.2 mg (5 mg HED) naloxone, (4) aerosolized carfentanil followed by treatment with 0.75 mg (10 mg HED) naloxone, and corresponding controls for groups 2--4 which were exposed to aerosolized water ([Table 1](#tbl0005){ref-type="table"} ). At 26 min post-incapacitation, ferrets in the treatment groups were given a single i.m. administration of naloxone (or water) and immediately returned to the WBP chamber for data collection. The HED was estimated using the equation HED = animal dose \[mg/kg\] x (animal weight \[kg\]/human weight \[kg\])^0.33^ \[[@bib0185],[@bib0190]\]. Clinical observations were collected up to 24 h following exposure from animals that received post-exposure administration of NX.Table 1Inhalation Exposure Cohorts.Table 1TreatmentExposureWaterCarfentanilNone--naïve-exposed (n = 8)Watersham control (n = 8)sham-exposed (n = 8)5 mg HED NXnaloxone 5 mg control (n = 8)naloxone 5 mg exposed (n = 8)10 mg HED NXnaloxone 10 mg control (n = 8)naloxone 10 mg exposed (n = 8)

2.9. Data analysis {#sec0055}
------------------

Data are presented as the mean ± the standard deviation, unless otherwise noted. Where appropriate, the multiple exposure groups were compared utilizing either a one-way or two-way ANOVA (with appropriate multiple comparison test) with significance set to *p* \< 0.05. Specialized software and customized routines were used to collect respiratory dynamics (FinePointe Software v2.3.1.16, DSI) and cardiac (Ponemah Software v5.2, DSI) data, and all raw data were exported and analyzed using custom-designed programs (Microsoft Visual Basic for Applications v7.0.1639; Microsoft Corporation; Redmond, WA, USA), spreadsheet software (Microsoft Excel v14.1.7166.5000 \[32-bit\]; Microsoft Corporation; Redmond, WA, USA), and statistical and graphing software (GraphPad Prism v5.04, v7.04; GraphPad Software, Inc.; La Jolla, CA, USA).

3. Results {#sec0060}
==========

3.1. Pharmacokinetic profiling of carfentanil and naloxone {#sec0065}
----------------------------------------------------------

We observed that s.c. injected carfentanil entered the blood stream slower than i.m. injected naloxone, with t~max~ achieved at approximately 18 min for carfentanil and at approximately 11 min for naloxone ([Fig. 2](#fig0010){ref-type="fig"} A and B). From a 25 μg/kg injection of carfentanil, peak plasma concentration was 3.7 ng/mL, and from a 0.75 mg injection of naloxone, peak plasma concentration was 157 ng/mL. Carfentanil had a relatively long elimination half-life, with t~1/2~ equaling 75.33 min. When compared to the pharmacokinetics of the i.m. injected naloxone, naloxone was eliminated quicker than carfentanil with a biological half-life equaling 25.57 min.Fig. 2**Pharmacokinetic Profile of Injected Carfentanil and Naloxone.** Male ferrets were injected with either 25 μg/kg of carfentanil subcutaneously (A) or 0.75 mg of naloxone intramuscularly (B). Serial blood draws were then obtained from the cephalic or saphenous vein post-injection. Plasma concentrations of carfentanil and naloxone were determined via LCMS methodology. Analyte concentrations were then plotted vs. time and fit with a one-compartment absorption and elimination nonlinear curve. From the fit the (C~p~)~max~, absorption constant (K~A~) and elimination constant (K~E~) were determined. The t~1/2~ and t~max~ were then calculated using the K~A~ and K~E~. As expected both carfentanil (A) and naloxone (B) were rapidly absorbed with carfentanil having an approximately 3 times longer t~1/2~ than naloxone. *n = 4-8*.Fig. 2

3.2. Clinical observations {#sec0070}
--------------------------

In an inhaled carfentanil exposure model, ferrets exhibit signs of severe respiratory depression, cardiac abnormalities likely due to hypoxia, and lethality. An exposure to aerosolized carfentanil at 0.72 mg/m^3^ for 20 min (14.4 mg × min/m^3^) caused all animals to become unresponsive and produced 100 % incapacitation with 3% mortality. The average time to incapacitation was 4.1 ± 1.3 min. In exposed animals, tremors were observed in 97 %, gasping or paradoxical breathing was observed in 63 %, enophthalmos was observed in 57 %, and convulsions were observed in 29 %. If left untreated, naïve-exposed animals were incapacitated for an average of 126.1 ± 24.6 min.

To assess the efficacy of naloxone to reverse the effects of carfentanil, we treated exposed ferrets with either a single 5 mg HED of naloxone or a single 10 mg HED administered i.m. at approximately 26 min post-incapacitation. We recorded the time until the animals regained responsiveness, qualified as an animal with its head up that was responsive to external stimuli and that demonstrated controlled movements. We observed that both of the treatment groups showed a significant reduction in the time the animals were incapacitated ([Fig. 3](#fig0015){ref-type="fig"} A) and that sham treatment showed no statistical difference from naïve-exposed animals. Naïve animals remained incapacitated for an average of 99.7 ± 24.6 min following average treatment time (26.3 min post-incapacitation), and sham animals remained incapacitated for 89.7 ± 11.6 min following injection. In the treated groups, incapacitation was 11.7 ± 2.9 min following treatment for the 5 mg HED group and 7.0 ± 2.9 min following treatment for the 10 mg HED group ([Fig. 3](#fig0015){ref-type="fig"}B). When the two treatment groups were compared to one another, there was no statistical difference between the two groups.Fig. 3**Efficacy of Naloxone in Reversing Incapacitation Resulting from Inhaling Aerosolized Carfentanil.** Male ferrets were exposed to aerosolized carfentanil for 20 min and then either left untreated (Naïve) or treated with a single i.m. injection of water (sham) or naloxone at 26 min post-incapacitation. The time that it took the animal to regain responsiveness (head up, responsive to external stimuli, and having controlled movements) was recorded for each animal. We observed that both treatment doses of naloxone (5 and 10 mg HED) were able to significantly reduce the amount of time an exposed animal was incapacitated (A), but there was no significant difference between Naïve and Sham. When compared to one another, there was no significant difference between the 5 mg and 10 mg dose. n = 7-8, solid bar = mean, A) \* *p \< 0.05* one-way ANOVA vs. Naïve with Dunnett's multiple comparison test, B) Welch's *t*-test.Fig. 3

3.3. Respiratory function {#sec0075}
-------------------------

We observed a marked reduction in respiratory frequency (*f*) during exposure, with all exposed and untreated animals becoming either bradypneic or apneic for a portion of the exposure. There was no statistical difference in baseline *f* between any of the experimental groups with the average equaling 48.2 ± 13.3 bpm. We observed that exposure to carfentanil had a profound effect on respiratory function, with bradypneic events occurring over 50 % of the time (Sham -- 53 % ± 18 %, 5 mg HED naloxone -- 56 % ± 11 %, 10 mg naloxone - 56 % ± 15 %) during exposure and apneic events occurring from 24 to 31% of the time (Sham -- 30 % ± 18 %, 5 mg HED naloxone -- 24 % ± 15 %, 10 mg naloxone - 32 % ± 16 %) ([Fig. 4](#fig0020){ref-type="fig"} A and B). Treatment with naloxone significantly reduced the bradypneic and apneic events in the 20 min period post-treatment ([Fig. 4](#fig0020){ref-type="fig"}A and B) at both the 5 mg and 10 mg HEDs, while sham injection had no significant effect on bradypnea or apnea post-treatment.Fig. 4**Bradypnea and Apnea in Ferrets Exposed to Carfentanil.** Male ferrets were exposed to aerosolized carfentanil for 20 min and then treated; respiratory dynamic measurements were recorded for the exposure time period (solid bars) and 20 min following treatment (striped bars). We observed a significant increase in both bradypneic (A) and apneic (B) incidents in the animals exposed to carfentanil. Sham treatment (red bars) had no effect on either bradypnea or apnea post-treatment (Post Tx), while both 5 mg HED (gray bars) and 10 mg HED (black bars) naloxone significantly reduced the percentages of bradypneic and apneic periods following treatment. *n = 7-8* \**p \< 0.05,* one-way ANOVA vs. Sham Exposure with Dunnett's multiple comparison test, error bars = standard deviation.Fig. 4

A marked and sustained decrease in duty cycle (DC), the ratio of inspiratory time to total breath time, was observed in animals that were exposed to carfentanil ([Fig. 5](#fig0025){ref-type="fig"} ). The decrease in DC began at the onset of exposure and lasted for an additional 25 min following the end of exposure. Ferrets treated with i.m. injections of either 5 mg HED or 10 mg HED of naloxone at approximately 30 min from the start of exposure saw a recovery of DC to control levels with in 15 min. A high dosage of naloxone resulted in a quicker recovery of DC, with recovery observed at 10 min post-treatment in animals administered the 10 mg HED. Ferrets treated with the 5 mg HED of naloxone had a slower recovery in DC, which occurred at 15 min post-treatment.Fig. 5**Duty Cycle with Treatment.** Male ferrets were exposed to aerosolized carfentanil for 20 min (red shaded region, A. and B.), during which respiratory dynamic measurements were recorded. We observed a marked and sustained decrease in duty cycle (ratio of inspiratory time to total breath time) that began at the onset of exposure and lasted for an additional 25 min following the end of exposure (open circles, A and B). Ferrets were treated with i.m. injections of either 5 mg HED (A) or 10 mg HED of naloxone at approximately 30 min from the start of exposure (approx. 25 min after incapacitation, green shaded region A and B). In both A and B, the duty cycle of treated controls (closed squares) was significantly higher than for sham-exposed from 5 through 45 min (p \< 0.05). We observed a reversal in the duty cycle depression in animals treated with both 5 mg and 10 mg HED of naloxone, with 10 mg HED returning duty cycle to normal levels sooner (B). *n* = 7-8, \**p* \< 0.05 two-way ANOVA with Dunnett's multiple comparison test (\* for treated exposed vs. sham exposed only, treated control vs. exposed control not shown).Fig. 5

3.4. Cardiac function {#sec0080}
---------------------

The prolonged apneic periods coincided with increased instances of cardiac abnormalities and dysrhythmias in the form of premature junction contractions (PJCs) that developed ([Fig. 6](#fig0030){ref-type="fig"} ) as exposure progressed. PJCs were observed on the electrocardiograph during exposure to carfentanil and were confirmed by independent veterinary and clinical subject matter experts. Shortly after the end of exposure, PJCs resolved without the aid of a countermeasure, and this recovery corresponded with the gradual increases in *f*. Although cardiac abnormalities were observed during aerosolized exposure to carfentanil, neither gross histopathological cardiac damage nor elevation of circulating troponin levels (not shown) was observed 24 h post-exposure.Fig. 6**Electrocardiograph of Premature Junction Contractions in Carfentanil-Exposed Ferrets.** Telemetered male ferrets were exposed to aerosolized carfentanil for 20 min, during which time cardiac parameters were recorded. We observed cardiac abnormalities in the pressure traces (pink) and electrocardiograph (green) in animals exposed to carfentanil. Premature junction contractions (PJCs) (circled in red) were seen throughout exposure timeframe. The PJCs were present in all exposed animals, and their appearance during times of respiratory depression indicates that they are most likely linked hypoxic conditions.Fig. 6

We also observed a marked increase in mean arterial pressure (MAP) ([Fig. 7](#fig0035){ref-type="fig"} A and B) during the exposure period, which gradually decreased after exposure, in animals exposed to carfentanil. Animals, both control and exposed, that received treatment with i.m. naloxone displayed an increase in MAP following the injection. Sham control animals also exhibited a rise in MAP following handling and exposure, while the sham-exposed animals had no rise in MAP. Increasing the dose of naloxone appeared to lead to a quicker and more pronounced rise in pressure, although there was no statistical difference between times at which each group regained responsiveness ([Fig. 3](#fig0015){ref-type="fig"}). The data may indicate that the rise in arterial pressure is due to a combination of the effects of naloxone and the physical effects of the i.m. injection itself.Fig. 7**Mean Arterial Pressure during the Carfentanil Exposure Timeframe and after Treatment with Naloxone.** Telemetered male ferrets were exposed to aerosolized carfentanil for 20 min, with mean arterial pressure (MAP) recorded before, during, and post-exposure. We observed a pronounced increase in MAP in animals exposed to carfentanil (red and purple line, A. and B.) within 5 min after the start of the exposure period. After the initial peak, the MAP slowly decreased towards baseline levels. Animals, both control and exposed, that received treatment with i.m. naloxone (blue and red line, A and B) displayed an increase in mean arterial pressure following the injection. Sham control animals also exhibited a rise in arterial pressure following handling and exposure (black line A and B), while the animals exposed to carfentinal and treated with water had no rise in arterial pressure (sham exposed, purple). The 10 mg dose of naloxone appears to cause a greater increase in mean arterial pressure (B) after administration compared to the 5 mg dose (A). *n* = 7-8.Fig. 7

4. Discussion {#sec0085}
=============

Carfentanil is a powerful synthetic opioid \[[@bib0005],[@bib0010]\] that is a current concern, both inside \[[@bib0045],[@bib0050]\] and outside the realm of public health \[[@bib0060],[@bib0065]\]. Although naloxone is FDA approved to counteract the effects of opioids \[[@bib0075]\], its use as a treatment for an acute exposure to synthetic fentanyl derivatives may have some limitations \[[@bib0055],[@bib0120],[@bib0125]\]. We developed a whole-body exposure model for aerosolized carfentanil and utilized a ferret model to test the effectiveness of intramuscularly administered naloxone post-exposure. A whole body exposure system offers some benefits over a traditional "head or nose-only" exposure systems allowing the animals to be unrestrained before, during, and post exposure. While there is a potential for exposure through dermal or ocular routes in our system, we believe that the effects of exposure are largely driven by the inhalation of carfentanil as recent studies have noted that skin exposures of carfentanil may not result in significant rapid toxicity as first indicated \[[@bib0195]\]. Our model produced profound incapacitation, severe apnea, cardiac abnormalities, tremors, convulsions, and lethality in male ferrets. The signs of exposure to carfentanil in our model were consistent with human signs and symptoms of opioid intoxication.

We were able to determine the pharmacokinetic profiles of both subcutaneously injected carfentanil and intramuscularly injected naloxone. We observed that both compounds were rapidly absorbed, with a *t~max~* for carfentanil of 17.65 min and a *t~max~* for naloxone of 10.96 min. Carfentanil was bioavailable much longer than naloxone, with a circulating half-life approximately 3 times longer (*t~1/2~* = 75.33 min vs. 25.57 min). Our data are in agreement with that obtained from other animal models and human case reports, indicating that for some exposures to carfentanil, repeated administration of naloxone may be necessary given its shorter half-life or a large bolus of naloxone may be needed at the time of treatment \[[@bib0110],[@bib0200], [@bib0205], [@bib0210]\].

To assess the efficacy of naloxone as a therapeutic for a potentially lethal exposure to aerosolized carfentanil, we utilized our whole-body exposure system and a treatment paradigm of intramuscularly administered naloxone, at 5 mg and 10 mg HEDs, given at the first instance where we could safely access the animal (approximately 26 min post-incapacitation). We observed that both treatment doses of naloxone were able to significantly reduce the amount of time ferrets were incapacitated from carfentanil. We did not observe any significant difference between the 5 mg and 10 mg HEDs in the recovery of incapacitated animals. Our model was also unable to distinguish any potential renarcotization following treatment. While renarcotization is a concern given the short half-life of opioid treatments and the longer half-life of synthetic opioids \[[@bib0100], [@bib0105], [@bib0110]\], the ferret model presents challenges in properly assessing renarcotization. Due to the ferret's propensity to become disinterested with external stimuli and sleep \[[@bib0215]\], it is difficult to distinguish between a normally behaving ferret that is sleepy and one that is becoming "drowsy" from the effects of opioids. Higher order animal models will be needed to properly assess this portion of treatment against synthetic opioids, such as carfentanil.

During and following exposure to aerosolized carfentanil, we observed prolong periods of both bradypnea and apnea in our animal model, as well as reductions in duty cycle which is consistent with the respiratory depression seen in both humans and other animal models \[[@bib0015],[@bib0110],[@bib0220]\]. Naloxone treatment was able to significantly reduce the number of both bradypneic and apneic events following administration. The 10 mg HED of naloxone was also quicker than the 5 mg HED in returning duty cycle to normal levels. Since respiratory depression is the primary mechanism of mortality in humans following opioid overdose, our data are encouraging given that intramuscularly administered naloxone following a potentially lethal exposure to aerosolized carfentanil is able to rapidly return respiration to normal.

Cardiac abnormalities were present in our animals during exposure to carfentanil and manifested as cardiac dysrhythmias in the form of PJCs. The PJCs coincided with prolonged periods of both bradypnea and apnea during the exposure period. PJCs, which may warn of progression to more serious dysrhythmias, occur when the atrioventricular tissue becomes irritated or, in cases of hypoxia, as a result of excessive vagal tone/parasympathetic stimulation, chronic lung disease, some cardiac diseases, and from some drugs (e.g., catecholamine, epinephrine, norepinephrine) \[[@bib0225]\]. The dysrhythmia is characterized by a normal QRS complex with inverted or abnormal P wave, absent P wave, a P wave that appears after the QRS complex, and/or a short PR interval \[[@bib0230]\]. Although the PJCs may indicate more serious cardiac issues, we observed no gross cardiac damage or presence of elevated plasma troponin. While opioid use may be associated with increased risk of heart dysrhythmias \[[@bib0235]\], in our model the PJCs were transient, and following the exposure period their appearance on the electrocardiogram decreased in all exposed groups including naïve-exposed animals.

We observed a pronounced increase in mean arterial pressure (MAP) in ferrets during exposure to carfentanil. In other animal species, carfentanil has caused both increases \[[@bib0025]\] and decreases \[[@bib0015]\] in MAP, though in a human carfentanil exposure case report, the patient was reportedly found unconscious and hypotensive \[[@bib0240]\]. Following treatment with naloxone, we observed a second, smaller, increase in MAP. While a portion of this increase is likely due to stress of physical manipulation and discomfort from injection, which was observed in our sham control animals, naloxone is known to increase arterial pressure \[[@bib0245],[@bib0250]\]. In our study, the increase in arterial pressure following treatment with naloxone is most likely due to a combination of both physical stress and the effects of naloxone on blood pressure.

In our study we have developed a model of potentially lethal acute exposure to aerosolized carfentanil and utilized male ferrets to assess the efficacy of naloxone to reverse the deleterious effects. Unfortunately, our study was not able to fully answer questions regarding potential renarcotization following treatment or potential increases in mean arterial pressure due to naloxone administration. Future studies in higher order species will be needed to properly assess renarcotization and the limitations or adverse side effects of higher doses of naloxone. The data we presented continue to support the use of naloxone as a first-line treatment for the accidental exposure to highly potent synthetic opioids. We can unequivocally say that, in our model, naloxone intramuscularly administered post-exposure is a viable treatment for reversing the incapacitating and deleterious effects of exposure to aerosolized carfentanil.
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